D
ynamic control of epithelial cell-cell junctions is vital to many biological processes including embryonic development, tissue homeostasis, wound healing and inflammation. Incorrect control of epithelial cell-cell junctions has been implicated in many disease processes, including cancer. The integrity of epithelial junctions is maintained by families of transmembrane receptors whose inter-cellular homo-or heterodimerisation form and maintains cell-cell contacts. Control of these adhesions is then mediated by extracellular factors, endocytosis/exocytosis of the receptors and interactions with cytoplasmic binding partners including the cytoskeleton 1 . One such cell adhesion protein is the coxsackie and adenovirus receptor (CAR) which is a member of the Junctional Adhesion Molecule (JAM) family of junctional adhesion molecules, as well as a viral receptor for type B coxsackievirus and subgroup C adenovirus 2 . The role of CAR in adenovirus infection has been well studied; however its role in cell adhesion and tissue homeostasis is not well understood. CAR has been shown to localise to both tight and adherens junctions in different epithelial cell types, and to co-precipitate with tight junction proteins in MDCK cells 3 and endothelial cells 4 suggesting that it has a role in formation and/or maintenance of tight junctions. However recent studies have highlighted tissue specific roles as CAR knockout mice have defects in vascular permeability in the lymphatic system 5 and in heart muscle 6 , but tight junctions in the intestine are unaffected by the loss of CAR 6 . The role of CAR in other epithelial types, for example respiratory epithelium, has not been well studied despite the gross changes in lung morphology observed in CAR knockout mice 6 . Our own previous work has shown that CAR expression levels affect recruitment of adherens junction proteins in MCF-7 human breast carcinoma cells without affecting basal paracellular permeability 7 . Moreover, CAR expression has been shown to correlate with tumour progression in some types of epithelial-derived cancer including lung cancers and in some cases to specifically correlate with reduced E-cadherin expression, a marker for EMT [8] [9] [10] [11] . These data suggest CAR can play important tissue specific roles in the control of cell-cell adhesion.
Our previous studies have shown that high levels of CAR can affect recruitment of E-cadherin to cell-cell contacts in MCF-7 cells 7 . However how CAR controls localisation of E-cadherin, whether this effect is specific to E-cadherin and the functional consequences of this are unknown. E-cadherin localisation to junctions can be controlled through a number of different mechanisms 12 . At cell-cell contacts E-cadherin forms calcium dependent homodimers in trans with opposing E-cadherin molecules on neighbouring cells. Stabilisation of E-cadherin is in part controlled by interaction to cytoplasmic adaptor proteins; b-catenin and p120-catenin. b-catenin binds to E-cadherin soon after transcription and facilitates trafficking of E-cadherin to the cell membrane. Whereas p120-catenin is thought to join this complex at or adjacent to the membrane and inhibit endocytosis, in addition to promoting exocytosis of E-cadherin (reviewed in 13, 14 . Recent studies using fluorescence recovery after photobleaching (FRAP) to study dynamics of E-cadherin-GFP in mature junctions showed that rather than being static, the majority of E-cadherin is being dynamically endocytosed and recycled suggesting that control of E-cadherin trafficking is essential to maintenance of epithelial layers 15 . E-cadherin endocytosis has been shown to occur via clathrindependent and independent, pathways, caveolin-dependent mechanisms and a macropinocytosis pathway 14, [16] [17] [18] . Removal of E-cadherin from cell-cell adhesions through these pathways can either lead to degradation or recycling of the receptor back to the membrane, and ultimately the local regulation of cell-cell adhesion. Previous studies have also shown that the non-receptor tyrosine kinase Src controls Ecadherin endocytosis through either a coat-mediated internalisation 19 , or macropinocytosis 20, 21 . In addition the protein kinase C (PKC) family of kinases are known to be involved in the endocytosis of E-cadherin 16 . Recently, PKCd has been shown to promote internalisation of E-cadherin and dissolution of cell junctions, suggesting an important role for this kinase in the control of E-cadherin internalisation 22 .
In this study we aimed to understand the mechanism by which CAR regulates E-cadherin levels at cell-cell contacts. Our data demonstrates that high levels of CAR destabilises Ecadherin at cell junctions to promote endocytosis of E-cadherin through different recycling pathways. We further show that phosphorylation of the cytoplasmic domain of CAR by PKCd is a key regulatory point in controlling E-cadherin stability. These data highlight CAR as a key molecular player in the regulation of epithelial junctional homeostasis.
Results
CAR expression levels control E-cadherin localisation to cell-cell junctions. CAR has previously been shown to localise to tight junctions (TJ) 3, 4 . However, CAR knock-out mice do not show defects in TJ in all epithelial tissues suggesting the role of CAR may differ between cell and tissue types 6 . Indeed we have recently shown that CAR can modulate recruitment of adherens junction proteins 7 suggesting CAR may also control epithelial homeostasis through adherens junctions. We therefore analysed the effects of stable CAR-FP expression on junction stability in human bronchial epithelial cells (HBEC), which express very low levels of endogenous CAR. CAR-GFP expression had no basal effect on paracellular permeability (Fig. S1A) or recruitment of tight junction proteins to cell-cell contacts (Fig. S2A, B) . This suggests that CAR may not have a major role in tight junction formation or maintenance in bronchial epithelial cells. As our previous data have suggested a regulatory link between junctional CAR and E-cadherin in MCF7 cells 7, 23 we used E-cadherin as a marker to further define the effect of CAR on epithelial junction formation. 151 mixtures of control and CAR-RFP expressing HBEC (herein referred to as CAR-RFP HBEC) showed a dramatic reduction in localisation of E-cadherin at CAR-RFP positive cell junctions compared with neighbouring CAR-RFP negative junctions (Fig. 1A) in keeping with our previous observations in MCF7 cells 7 . Similar results were also seen in primary human bronchial epithelial cells transiently expressing CAR-GFP (Fig. S1C) suggesting this is not an artefact of immortalised cell lines. Quantitative analysis of wide-field fluorescence images of E-cadherin in control and CAR-GFP HBEC revealed that addition of high calcium to the growth medium did not result in the expected enhanced recruitment of E-cadherin at CAR-GFP contacts suggesting that CAR acts to restrict or inhibit E-cadherin recruitment (Fig. 1A right panel) . Additionally, shRNA-mediated knockdown of CAR in HBEC resulted in increased E-cadherin localisation and this was rescued by reexpression of an shRNA-resistant form of CAR-RFP, further supporting a specific role for CAR in control of E-cadherin localisation (Fig. 1D) . Importantly, overexpression or knockdown of CAR did not alter total expression levels of E-cadherin (Fig. 1C and D right panel) suggesting that regulation occurs at the level of recruitment to junctions and that E-cadherin displaced from cell junctions by CAR is not subsequently degraded. Furthermore, the effect of disrupting stable CAR-mediated cell-cell contacts using recombinant fibre knob domain of Adenovirus Type5 (Ad5FK) was quantitatively measured and revealed that loss of CAR-CAR interactions resulted in re-recruitment of E-cadherin to CAR-GFP positive cell-cell contacts (Percentage reduction in E-cadherin intensity in the presence of CARGFP; Untreated: 62.11% 1/2 5.48 SEM, Buffer: 52.33% 1/2 8.71 SEM, FK: 21.75% 1/2 8.29 SEM) (Fig. 1B) . This data demonstrates that CAR association in trans can directly control stability of E-cadherin at cell junctions.
To further investigate this process we examined the dynamics of Ecadherin-GFP at cell-cell contacts in HBEC and CAR-RFP-HBEC.
Overexpression of E-cadherin-GFP forced some of this molecule to localise to cell-cell junctions in CAR-RFP-HBEC, which enabled us to track dynamics. However, of note, CAR-RFP and E-cadherin-GFP were localised within discrete domains of cell-cell junctions with very little overlap (Fig. 1A, B) . FRAP analysis in these cells revealed that the rate of E-cadherin-GFP recovery to CAR-RFP junctions was significantly reduced compared with WT HBEC (Fig. 1E ) and further suggests that CAR promotes endocytosis or restricts recruitment of E-cadherin at cell-cell contacts.
We next investigated the functional significance of this CAR:Ecadherin crosstalk by examining the stability of calcium mediated cell-cell contacts in live cells. Control and CAR-GFP HBEC were allowed to form colonies in calcium containing media and subjected to live imaging following calcium washout. Both cell lines maintained cell-cell contacts in the presence of calcium and dissociated these contacts following calcium washout ( Fig. 1F and Supplementary movies 1,2). Cell dissociation was preceded by a visible contractile response and followed by an increase in cell polarisation and subsequent migration away from the colony. Analysis of the speed of cell-cell dissociation revealed that CAR-GFP positive junctions dissociated significantly slower than control cell junctions (Fig. 1F) . High levels of CAR can therefore regulate calcium sensitive junctional stability either through CAR-dependent reduced E-cadherin localisation to junctions or through CAR homodimerisation. As CAR dimerisation in trans is not known to be calcium-dependent, increasing the number of CAR molecules likely results in both displacement of E-cadherin and junctions that are less reliant upon calcium for stability.
CAR mediates disruption of junctional E-cadherin through control of endocytosis. E-cadherin is known to undergo endocytosis and this is proposed to control levels and dynamics of this protein at junctions (reviewed in 14 ). Analysis of time-lapse movies of CAR-RFP and E-cadherin-GFP revealed high levels of vesicular Ecadherin-GFP in CAR-RFP expressing cells during junction remodelling ( Fig. 2A and Supp movie 3). To investigate whether CAR may mediate E-cadherin localisation through modulating endocytosis, we used a surface labelling antibody internalisation assay. E-cadherin antibodies (HECD-1) were incubated with cells for 60 minutes, followed by acid stripping to remove surface antibody, fixation and confocal analysis. Images demonstrated that E-cadherin-positive endosomes were much larger in CAR-GFP HBEC than in WT cells following 60 minutes of HECD-1 internalisation (Fig. 2B) . To confirm this result using an alternative approach, we also investigated E-cadherin localisation in WT and CAR-GFP HBEC after calcium wash-out to promote junction dissociation and E-cadherin internalisation (as in Fig. 1F ). Cell-cell contacts dissociated in both cell types, and triggered internalisation of E-cadherin, within 10 min of calcium removal. However in CAR-GFP HBEC, E-cadherin positive vesicles were www.nature.com/scientificreports SCIENTIFIC REPORTS | 3 : 2889 | DOI: 10.1038/srep02889again significantly larger than those seen in WT HBEC, and were predominantly located within the peri-nuclear region (Fig. 2B) .
To further investigate a potential involvement for CAR in endocytosis of E-cadherin we examined localisation of CAR-GFP following calcium washout. Surprisingly we observed a population of CAR that colocalised with internalised E-cadherin both in vesicles (upper left and right) and at dissociating junctions (lower left)) (Fig. 2C) . Since CAR-GFP and E-cadherin did not visibly colocalise in stable cell-cell junctions under high calcium conditions (Fig. 1A, B) this suggests that CAR may associate with E-cadherin specifically during early endocytosis following junction instability. To test this further, we performed co-immunoprecipitation assays between CAR and Ecadherin under high and low calcium culture conditions. In agreement with the confocal images, we detected a complex between CAR and E-cadherin in cells under low calcium conditions, which was subsequently lost in the presence of calcium (Fig. 2D) . This further suggests that CAR and E-cadherin are found in complex specifically when E-cadherin is not stably maintained at adherens junctions. Finally, we quantified and compared total levels of endocytosed Ecadherin in WT vs CAR-GFP HBEC and CAR-knockdown HBEC cells using the HECD-1 internalisation assay. We observed highest binding of the HECD-1 antibody to the surface of CAR-knockdown cells, less to WT cells and the lowest levels in CAR-GFP cells ( Fig.  S1D and Fig. 2E ), which agrees with the different levels of E-cadherin membrane localisation in these cells. However, when internalised Ecadherin intensity was normalised against surface associated anti- body in cells fixed prior to HECD-1 uptake, CARGFP cells showed significantly higher E-cadherin internalisation compared with WT cells (Fig. 2E, top panel) . In addition, CAR-knockdown cells (shA6) showed a significant decrease in E-cadherin inernalisation compared with WT cells (Fig. 2E, bottom panel) . Therefore, the levels and fate of internalised E-cadherin is altered in cells overexpressing CAR.
To investigate the nature of the E-cadherin positive vesicles in more detail, we analysed a time-course of E-cadherin internalisation in WT and CARGFP cells following incubation with HECD-1 (Fig. 3A) . In WT HBEC we observed large numbers of small Ecadherin positive endosomes (average diameter 0.5 mm) that migrated to the perinuclear region of the cell over time (Fig. 3A , top panel). By contrast, CAR-GFP cells exhibited, large E-cadherin-positive circular structures (ranging in size from 1-5 mm) at early time-points that then accumulated within the perinuclear region over time (Fig. 3A ). These were consistent in size and appearance with macropinosomes or late endosomal compartments 24 . Quantification of multiple images revealed a significant increase in the number of these structures in CAR-GFP HBEC compared with WT ( Fig. 3B ). E-cadherin can traffic via macropinocytosis in response to growth factor stimulation 18 and we therefore sought to investigate whether CAR might promote macropinocytosis of E-cadherin. To test this we performed HECD-1 internalisation assays in the presence or absence of a macropinocytosis inhibitor ethylisopropylamiloride (EIPA) 25 . Treatment with EIPA lead to reduced internalisation of HECD-1 and specifically reduced formation of macropinosome-like structures in both WT and CAR-GFP HBEC (Fig. 3C ). In addition, EIPA treatment also led to increased junctional colocalisation between CAR-GFP and E-cadherin in mixtures of WT and CARGFP cells that was not seen under control conditions ( Fig. 3D ) suggesting that macropinocytosis is at least in part responsible for the effect of CAR overexpression on E-cadherin localisation. Indeed, these large E-cadherin positive vesicles showed partial colocalisation with two markers of macropinocytosis, Rabankyrin ( Fig. 3F ) and internalised dextran-Alexa597 (Fig. 3H) . Interestingly, mixed cultures of WT and CAR-GFP HBEC treated with dynasore to inhibit dynamin-dependent endocytosis also exhibited increased E-cadherin at CAR positive cell-cell contacts and increased colocalisation between CAR-GFP and E-cadherin (Fig. 3E ). Since dynamin is not required for macropinocytosis this data suggests that CAR does not specifically promote macropinocytosis of E-cadherin and may instead promote general endocytosis of E-cadherin through destabilisation of E-cadherin at cell junctions. In addition, the large E-cadherin-positive vesicles showed partial overlap with LAMP1 a marker of late endosomes and lysosomes (Fig. 3H) . Moreover, we observed partial colocalisation between internalised HECD-1 and the late recycling endosome marker Rab7, within the peri-nuclear region of CAR-GFP HBEC (Fig. 3I) . Since CAR-GFP expression does not promote degradation of E-cadherin (Fig. 1) , colocalisation of internalised E-cadherin in CAR-GFP HBEC with LAMP1 and Rab7 most likely represents E-cadherin trafficking to late recycling endosomes rather than re-routing for degradation within lysosomes.
Taken together these data demonstrate that CAR regulates Ecadherin localisation to cell-cell junctions by destabilising junctional E-cadherin and promoting E-cadherin internalisation through multiple internalisation routes.
CAR mediates endocytosis of E-cadherin through Src rather than through disruption of binding to catenins. Dynamics of Ecadherin at cell junctions are in part controlled through interactions with the cytoplasmic adaptor proteins b-catenin and p120catenin (reviewed in 26 ) 27 . To further probe the mechanism by which CAR controls E-cadherin stability, we performed confocal microscopy analysis to examine recruitment of b-catenin and p120-catenin to junctions in WT and CAR-GFP HBEC. Ectopic CAR expression significantly decreased recruitment of b-catenin to cell junctions (Fig. 4A) and also decreased junctional localisation of p120-catenin albeit to a lesser degree (Fig. 4B) . Interestingly, junctional levels of the p120 catenin binding partner P-cadherin were higher in cells expressing CAR-RFP (Fig. S2D) importantly demonstrating that overexpressed CAR does not decrease junctional localisation of cell-cell adhesion proteins in general. Moreover, the tight junction associated protein ZO-1 localised similarly within WT and CAR-GFP positive cell-cell junctions showing that tight junction assembly is unaffected by overexpressed CAR (Fig. S2A and B) . Expression of CAR-GFP did not alter complex formation between E-cadherin and either p120-catenin or b-catenin by co-immunoprecipitation (Fig. 4D) . Disruption of E-cadherin binding to catenins is thought to destabilise junctional E-cadherin and promote endocytosis of E-cadherin. However b-catenin has also recently been shown to colocalise with E-cadherin on macropinosomes but not other early endosomes 18 . Consistently, we observed colocalisation between b-catenin and E-cadherin in large, macropinosome like vesicles in cells following HECD-1 antibody internalisation (Fig. 4E) . This further suggests that CAR may act to promote macropinocytosis of E-cadherin without altering the balance of E-cadherin:catenin complex formation (Fig. 3D) .
Src kinase has previously been shown to be involved in both dynamin-mediated endocytosis and macropinocytosis of E-cadherin 19, 21 . To determine whether CAR might control E-cadherin dynamics through Src, we treated cells with PP2 to inhibit Src family kinases. PP2 treatment caused relocalisation of E-cadherin to CARGFP positive cell-cell contacts (Fig. 4F) showing that Src activity is required for CAR mediated E-cadherin localisation. However expression of CAR-GFP did not significantly alter Src activity (Fig. S3D ) suggesting instead that CAR may mediate local control of Src signalling at junctions. Additionally PP2 treatment reduced localisation of CARGFP to vesicles (Fig. 4F) suggesting that internalisation of CAR and E-cadherin localisation to junctions may be linked. To investigate whether CAR could form a complex with Src, we performed GST pulldown assays with the cytoplasmic domain of CAR as well as confocal analysis of Src-GFP transiently expressed in CAR-RFP HBEC. Biochemical analysis demonstrated that Src formed a complex with the CAR cytoplasmic domain but not the GST alone control (Fig. 4G) . Moreover, Src-GFP colocalised with CAR-RFP at cell-cell junctions and in vesicles, further suggesting that Src is involved in destabilisation and endocytosis of E-cadherin mediated by CAR.
CAR is phosphorylated by PKCd. We next sought to investigate the mechanisms by which CAR controls E-cadherin dynamics. We have previously demonstrated that CAR can control intracellular signalling events in a manner dependent on the presence of the cytoplasmic domain and this results in altered cell adhesion 23 . We therefore examined whether CAR may itself be post-translationally modified within the C-terminus and whether this may in turn play a role in controlling CAR-dependent E-cadherin stability. In silico analysis identified two predicted PKC phosphorylation sites within the cytoplasmic tail of CAR; Thr290 and Ser293 (Fig. 5A) . Indeed, analysis of CAR-GFP HBEC treated with CalyculinA to inhibit serine/threonine phosphatases revealed that CAR-GFP was phosphorylated on serine and threonine residues (Fig. S3A) . Moreover, CAR-RFP and endogenous CAR in primary human epithelial cells migrated at a higher molecular weight on SDS PAGE gels following treatment with CalyculinA further suggesting a phosphorylationdependent change in conformation of the protein (Fig. S3B and  Fig. 5 ). Using CAR cytoplasmic domain truncation mutants (Fig. 5B   23 ) we found that amino acids 261 to 315 (that contains both putative S/T PKC phosphorylation sites) were required for the induction of the higher molecular weight species of CAR following Calyculin A treatment (Fig. 5B) . Using a panel of kinase inhibitors, we identified the classical and novel PKC isoforms as being required for the CalA-induced CAR band-shift (Fig. 5C) . Moreover (Fig. 5C) . We analysed the profile of PKC isoform expression in HBEC and demonstrated PKCd to be the predominant cPKC expressed in these cells (data not shown). We therefore analysed whether CAR could form a complex with PKCd using GST pulldown assays. Data revealed that PKCd from HBEC lysates showed specific binding to GST-CAR cytoplasmic domain and this was reduced in lysates from cells treated with PDBu (Fig. 5D) . Moreover, knockdown of PKCd using siRNA significantly reduced both CalA and PDBu-induced higher molecular weight species of CAR-GFP (Fig. 5F ) confirming that PKCd is required for CAR phosphorylation. PDBu treatment of HBEC cells also resulted in recruitment of both CAR-GFP and PKCd to cell junctions (Fig. 5E) . However, CAR-GFP positive junctions showed a marked reduction in PKCd localisation in agreement with our in vitro pulldown data, and suggesting that high levels of phosphorylated CAR leads to reduced association with PKCd (Fig. 5E ). Taken together these data suggest that PKCd phosphorylates the cytoplasmic domain of CAR, and this potentially occurs at T290/S293 residues.
To investigate whether phosphorylation of these residues plays a role in CAR recruitment to junctions, we generated HBEC stably expressing T290/S293 phospho-mimic or non-phosphorylatable versions of CAR-GFP/RFP (DDCAR-GFP/RFP or AACAR-GFP/ RFP respectively). Biochemical analysis revealed that these forms of CAR did not run as higher molecular weight species on SDS PAGE gels in cells treated with CalyculinA, confirming that these residues are required for CAR phosphorylation (Fig. 5G) . Both DDCAR-GFP and AACAR-GFP localised to cell-cell junctions in untreated and PDBu treated samples (Fig. 6A) . Interestingly, both mutant forms of CAR facilitated HBEC infection by Adenovirus serotype 5 (Ad5) to a greater degree compared with WT CAR-RFP (Fig. S3D ) demonstrating dynamic control of CAR phosphorylation may play an additional role in CAR-dependent Ad5 infection. To further confirm that CAR could undergo dynamic phosphorylation, we generated a polyclonal antibody to specifically recognise CAR phosphorylated at thr290/ser293. Biochemical analysis of lysates from HBEC treated with PDBu demonstrated CAR phosphorylation specifically in CAR-GFP HBEC but not in AACAR-GFP HBEC confirming PKC-dependent phosphorylation of these sites in HBEC (Fig. 5H) . Moreover, immunostaining of cells using the phosphospecific antibody revealed high levels of phosphorylated CAR-GFP at cell-cell junctions following treatment with PDBu that was not detectable in cells expressing AACAR-GFP. These data combined demonstrate that the cytoplasmic domain of CAR is phosphorylated by PKCd and this species of CAR can be localised to epithelial cell junctions.
PKC-dependent phosphorylation of CAR mediates E-cadherin dynamics and endocytosis. In order to assess the importance of CAR phosphorylation in control of E-cadherin we first analysed Ecadherin localisation to junctions in 151 mixed cultures of WT HBEC and either CAR-GFP, AACAR-GFP or DDCAR-GFP HBEC. Interestingly, we observed that expression of AACAR but not DDCAR disrupted E-cadherin localisation to junctions (Fig. 6A) suggesting that non-phosphorylated CAR is the species that restricts CAR-mediated localisation of E-cadherin to junctions. Indeed, cells expressing DDCAR-RFP also demonstrated higher junctional mobility of E-cadherin-GFP as analysed by FRAP analysis (Fig. 6B ) suggesting E-cadherin recruitment and dynamics depend on phosphorylation of CAR by PKCd.
PKCd has recently been shown to bind to and suppress homophillic adhesion of E-cadherin 22 . We reasoned therefore that the interaction of PKCd with CAR and E-cadherin may act in parallel to control E-cadherin dynamics. Under homeostatic conditions, CAR did not colocalise with E-cadherin at cell-junctions. However CAR-GFP colocalised with E-cadherin during vesicle formation and early stages of E-cadherin traffic during cell-cell junction dissolution (Fig. 2C) . This data and the fact that DDCAR-GFP colocalised with E-cadherin at cell-cell contacts suggested that CAR phosphorylation by PKCd may be involved in mediating E-cadherin trafficking under basal conditions and during junction dissolution. To test this we first examined the levels and localisation of phosphorylated CAR during junction disassembly induced by calcium washout. Biochemical analysis demonstrated that total levels of phosphorylated CAR were increased 10 min after calcium washout (Fig. 6C) . As previously observed (Fig. 2C ), E-cadherin and CARGFP colocalised in dissolving junctions but not in stable junctions or in those undergoing early stages of cell contact dispersal (Fig. 6D) . We also observed p-290/293CAR staining in a subset of E-cadherin:CAR-GFP positive intracellular vesicles (Fig. 6D , highlighted by white arrow). P-290/ 293CAR also localised to points of remaining cell-cell contact immediately following junction disassembly that lacked E-cadherin (Fig. 6D, highlighted by yellow arrow) demonstrating that p-CAR may control endocytosis of E-cadherin locally at these sites. To further confirm that phosphorylation of CAR by PKCd was involved in E-cadherin trafficking we performed HECD-1 internalisation assays in WT, CAR-GFP, AACAR-GFP and DDCAR-GFP HBEC. After 60minutes, E-cadherin localised to large perinuclear macropinosome-like structures in CARGFP and AACAR-GFP, but not WT or DDCAR-GFP cells (Fig. 6E and F) . Taken together, these data show that non-phosphorylated CAR mediates junctional stability and endocytosis to control levels of E-cadherin to cell-cell contacts. Since Src can be found in a complex with CAR and is important in CAR mediated relocalisation of E-cadherin, we sought to investigate whether phosphorylation of CAR by PKCd affected the association with Src in GST pulldown assays. AACAR-GST bound at much lower levels to Src compared to the WTCAR-GST protein suggesting that this association requires CAR phosphorylation for efficient complex formation and/or maintenance. Overall this data supports a model whereby a CAR:Src complex plays a role in CAR-mediated trafficking and mobility of E-cadherin and this is in turn controlled by PKC-dependent phosphorylation of the CAR cytoplasmic domain.
Discussion
In this study we show that CAR mediates localisation of E-cadherin to cell-cell contacts by destabilising E-cadherin at junctions to promote internalisation in a Src, dynamin and macropinocytosis dependent manner. This is based on several lines of evidence; Firstly, expression of CAR-FP reduced E-cadherin at cell-cell junctions without affecting total protein expression levels or binding of p120-catenin or b-catenin to E-cadherin. Secondly, inhibitors of Src, dynamin and macropinocytosis all reversed the reduced levels of Ecadherin seen at junctions in cells overexpressing CAR. Thirdly, CAR expression reduced E-cadherin recovery at junctions, promoted uptake of the E-cadherin antibody and formation of large, E-cadherin positive, macropinosome-like endocytic structures. CAR coimmunoprecipitated with E-cadherin under low calcium culture conditions (where junction strength is low) and co-localised with E-cadherin during vesicle formation, internalisation and cell-cell adhesion disassembly. Finally, CAR mediated E-cadherin recycling was dependent on Src and was restricted following CAR phosphorylation by PKCd. Taken together these data suggest that CAR promotes internalisation of E-cadherin through a Src and PKCd dependent mechanism.
The specific endocytic pathway that mediates CAR-dependent endocytosis of E-cadherin remains unclear, however our data shows that both macropinocytic and dynamin-dependent mechanisms are involved. Interestingly a recent study outlined a dynamin-dependent macropincytosis-like mechanism for the internalisation of Bluetongue virus 28 suggesting that other viral receptor proteins in general may regulate multiple uptake pathways. There are conflicting reports of the involvement of dynamin in macropinocytosis [29] [30] [31] , but our data raises an interesting possibility that CAR may mediate such a mechanism in order to promote internalisation of E-cadherin. However, we see significant changes in E-cadherin mobility following CAR expression, and CAR colocalises with E-cadherin specifically at sites of destabilising junctions. Therefore it seems more likely that CAR acts to destabilise E-cadherin at cell-cell contacts to promote internalisation through multiple endocytic pathways. E-cadherin containing macropinosome-like vesicles seen in CAR-GFP HBEC cells partially colocalise with LAMP1 and Rab7 suggesting that these are late endosomal compartments. However CAR mediated endocytosis of E-cadherin does not lead to degradation of E-cadherin. Thus we conclude that the internalised E-cadherin seen in CAR overexpressing cells is likely to be retained within intracellular stores or recycled back to the plasma membrane.
Colocalisation between CAR and E-cadherin is not evident in stable HBEC monolayers. However, our biochemical data suggests induction of a CARGFP:E-cadherin complex in HBEC cells maintained in media without calcium (ie: low junctional stability). Furthermore, CARGFP:E-cadherin colocalisation was seen in dissociating junctions and during vesicle formation and intracellular traffic. These data suggest that the high levels of CAR act to promote endocytosis of E-cadherin. Our discovery that CAR can be posttranslationally modified through phosphorylation of Ser290/ Thr293 at the C-terminus provides a potential mechanism by which this occurs. Indeed, we show that CAR-dependent E-cadherin endocytosis occurs only when T290/S293 are not phosphorylated, and phosphorylation of CAR by PKCd results in recovery of E-cadherin levels at cell-cell junctions. This suggests that CAR phosphorylation has a protective effect on E-cadherin junctional localisation and perhaps serves to slow endocytosis of E-cadherin. Our confocal analysis revealed that CAR is phosphorylated during dissociation of adherens junctions immediately prior to endocytosis of E-cadherin and remains within the membrane at these sites even after the junction has entirely separated. Additionally, CAR-phosphorylation increased after calcium washout suggesting that CAR phosphorylation occurs during dissociation of cell-cell contacts, and may act to slow down or even prevent this process.
Phosphorylation of CAR by PKCd is an important component in CAR-mediated E-cadherin localisation and dynamics. However PKCd has also been previously shown to play a direct role in controlling E-cadherin behaviour. PKCd interacts directly with E-cadherin to suppress homodimerisation and to promote HGF 22 and EGF 32 mediated cell scattering. PKCd activity can trigger phosphatase dependent serine de-phosphorylation of p120-catenin to reduce its localisation to cell-cell junctions 33 and can also lead to downregulatation of the cadherin:catenin complex 33 . However our data shows that treatment of HBEC with PDBu to activate PKC causes increased E-cadherin at cell junctions unless CAR is overexpressed. This suggests that PKCd may require CAR to facilitate loss of Ecadherin from junctions. PKCd binds directly to CAR and dissociates after PDBu treatment, although it is not yet clear whether PKCd activity or the resulting CAR phosphorylation event is responsible for complex dissociation. Further analysis will be required in live cells to define the dynamic nature of this complex.
PKCd can act downstream of Src to promote E-cadherin endocytosis 33 . Here we show that CAR can associate with Src, and that Src activity is required for CAR-dependent movement of E-cadherin away from cell-cell junctions. Whether PKCd is downstream of Src in this pathway remains to be investigated. Src kinase is known to exert both positive and negative influences on E-cadherin and adherens junction proteins, as well as play a role in macropinocytosis 20, 34, 35 . Src can control E-cadherin dynamics in a number of ways, however the classic role for Src in E-cadherin endocytosis is through phosphorylation of E-cadherin which promotes ubiquitination of E-cadherin by Hakai 36 . This involves dissociation of p120-catenin from E-cadherin which would otherwise block binding of Hakai. Our data show that whilst a pool of p120-catenin remains at cell-cell contacts in CAR overexpressing cells, CAR expression does not affect interaction of E-cadherin with either b-catenin or p120-catenin. Since CAR does not drive dissociation of p120-catenin from E-cadherin, Src is therefore unlikely to be driving the ubiquitination of E-cadherin under these conditions. How Src mediates CAR dependent E-cadherin localisation therefore remains to be determined. In addition to this, our data shows that CAR dependent endocytosis of E-cadherin leads to recycling rather than degradation of E-cadherin. Preservation of both E-cadherin:catenin interactions would direct endocytosed E-cadherin towards recycling pathways: binding of p120-catenin blocks binding of Hakai 36, 37 , while b-catenin directs E-cadherin to the exocytosis pathway through interaction with the exocyst complex (Langevin et al., 2005) . Taken together these data substantiate our hypothesis that CAR promotes recycling of E-cadherin, and further suggest that CAR, Src and PKCd may act together as a complex to control E-cadherin dynamics in a CARphosphorylation dependent manner.
The formation of adherens junctions occurs early during cell-cell contact and subsequent tight junction assembly is thought to promote redistribution of adherens junction components and thus a polarised epithelium 38 . Tight junctions regulate lateral diffusion/ migration of basolateral adhesion proteins in polarised epithelia. Consistent with this idea, our FRAP analysis of E-cadherin demonstrated reduced lateral diffusion in CAR overexpressing cells compared to control HBEC. E-cadherin shows reduced lateral diffusion in mature compared with immature junctions 15 and in the latter, redistribution of E-cadherin is mainly due to dynamin-dependent endocytosis/exocytosis mechanisms 15, 38 . Since CAR acts to restrict mobility of E-cadherin and promote dynamin-dependent recycling rather than degradation, it is possible that CAR also influences polarisation of epithelia through maturation of epithelial junctions. In fact, CAR expression levels have been shown to vary in cells grown in 2D or 3D culture, and on cell confluence in 2D culture in breast epithelial cells (Anders et al., 2003) suggesting a link between CAR and polarised epithelial architecture. Our own studies have linked the cytoplasmic tail of CAR to the role of CAR in signalling to integrins and cell-matrix adhesion 23 both of which are essential for maintenance of polarised epithelium. It will be interesting in future studies to determine the effect of CAR expression and phosphorylation on epithelial polarity.
Phosphorylation of CAR has not been previously reported and raises the possibility that dynamic phosphorylation of CAR may be important in other CAR-dependent processes. CAR has recently been shown to be important for trans-epithelial migration (TEM) of neutrophils and cd-T cells 39, 40 . In endothelial cells endocytosis of VE-cadherin is important for trans-migration of leukocytes. This raises the intriguing possibility that CAR phosphorylation may be important in TEM either through modulation of E-cadherin endocytosis or via an alternate mechanism. We have also previously shown that the cytoplasmic tail of CAR is not necessary for Ad5 infection 23 . In fact, data presented here show that prevention of dynamic phosphorylation of CAR increases Ad5eGFP transduction in HBEC. These data suggest that CAR phosphorylation may be involved in cell-cell and cell-matrix adhesion as well as Ad5 infection. Several studies have reported altered CAR expression levels as well as roles for CAR in tumour cell progression, although these studies report both pro-and anti-progression properties for CAR [9] [10] [11] [41] [42] [43] [44] [45] . Specifically, CAR has been associated with both loss and increases in E-cadherin expression and localisation in lung cancer 10 and in oral squamous carcinoma 11 . Whether CAR plays a key role in tumourigenesis remains to be investigated; our data presented here suggest potential mechanisms by which CAR, via its aberrant phosphorylation, could influence tumourigenesis through modulation of E-cadherin at cell junctions and also potentially through control of integrin activation and cell-matrix adhesion 23 . CAR is traditionally known as a receptor for adenovirus and a component of tight junctions. We do not see an effect of CAR expression on tight junction formation in our HBEC model, as measured by permeability assays, however CAR clearly has a role to play in tight junctions in other tissues particularly in the heart 6 and in lymph vessels 5 . Thus phosphorylation of CAR by PKCd could be important for dynamic control of cell permeability in these and other cell types.
In summary our data support a model whereby phosphorylation of CAR controls E-cadherin dynamics through Src and dynamindependent endocytosis. De-phosphorylated CAR acts to prevent Ecadherin localisation to junctions through promotion of recycling, PKCd dependent phosphorylation of CAR maintains E-cadherin at junctions and may serve to stabilise cell-cell adhesion in the epithelium.
Methods
Cell culture. Immortalised human bronchial epithelial cells (HBEC) were a gift from Dr Jerry Shay (UT Southwestern 46 ) and were grown in KSFM (Invitrogen). Primary human tracheal epithelial cells (HTEpC-c) were obtained from Promocell and were grown in Airway Epithelial Cell Growth Medium (Promocell). All CAR expressing stable cell lines were produced using lentiviral expression. Lentivirus particles were generated in 293T packaging cells (as in 47 ) and these cells were maintained in DMEM containing 10% FCS, supplemented with glutamine.
Antibodies and reagents. Anti-phospho-serine, anti-phosho-threonine, antiphospho-tyrosine were from Cell Signalling Technology. Anti-E-cadherin (HECD-1) and anti-ZO-1 antibodies were from Invitrogen. Anti-Rabankyrin antibody was from Thermofischer. Anti-Rab11, EEA1, and LAMP1 were from Cell signalling Technology. Anti-CAR (H300), anti-b-catenin and anti-PKCd antibodies were from Santa Cruz. Anti-p120catenin was from BD biosciences and anti-RFP and anti-Rab5 www.nature.com/scientificreports were from Abcam. Anti-mouse HRP and anti-rabbit-HRP were from DAKO, antimouse-568, anti-rabbit-568 and phalloidin-633 were all obtained from Invitrogen. CalyculinA, Sodium orthovanadate, Gö6976, BIM, Staurosporine, DT-3, KT-5823 and Phorbol-12,13-dibutyrate (PDBu) were obtained from Calbiochem. 8-pCPTcGMP (PKG activator), H89 (PKA inhibitor) EIPA, PP2, PP3 and dynasore were obtained from Sigma-Aldrich. Ad5eGFP is E1-E3 deleted, replication deficient recombinant adenovirus type 5 that expresses green fluorescent protein under the control of the cytomegalovirus promoter (Baylor College of Medicine). Ad5FK was produced and purified as previously described 48 . p-CARthr290/ser293 polyclonal antibody was developed by Perbioscience (Thermofisher) using the peptide Ac-RTS(pT)AR(pS)YIGSNH-C and was affinity purified before use.
Plasmids. Plasmids encoding full-length CAR and deletion mutants have been described previously 23 . Full length CAR was cloned in frame into pHR9SIN-SEW lentiviral expression vector, which was a gift from Dr Adrian Thrasher (Institute of Child Health, UCL, London 47 ;), and into pGEX-2T. Full length and mutant CAR sequences were cloned pHR9SIN-SEW lentiviral expression plasmid and shRNA sequences (hairpin sequence for shA6 TGCTGTTGACAGTGAGCGCTG GAAGTGACTTTAAGATAAATAGTGAAGCCACAGATGTA) were obtained from Open Biosystems (Thermofisher) in the pGIPZ expression plasmid. Phosphomutant constructs were generated using site directed mutagenesis. The sequences of oligonucleotides used are available on request. The Rab7-RFP plasmid was a kind gift from Dr Mark Dodding (Randall Division, KCL, London).
Confocal microscopy. Cultured cells were washed with PBS, fixed with 4% PFA in PBS for 10 min and permeabilised with 0.2% TritonX-100 for 10 min. Cells were incubated with primary antibodies for 2 hours and appropriate secondary antibodies conjugated to Alexafluo-568 or cy5 and Phalloidin conjugated to Alexafluor 568 or 633 for 1 hour. Cells were mounted onto slides using Immunofluore (ICN). Confocal microscopy of HBEC alone was performed using an LSM510 using a 63 3 oil objective and excitation wavelengths of 488 nm (for GFP or Alexafluor-488), 543 nm (for Alexafluor-568) and 633 nm (for Alexafluor-633 and cy5). Confocal microscopy of THP-1 cells binding to HBEC was performed using a Nikon A1R confocal microscope.
E-cadherin endocytosis assay. Cells were incubated for 1 h at 4uC with 1 mg/ml HECD-1 diluted in optimem. Coverslips (or cultures) were washed with ice-cold PBS to remove the unbound antibody and the media was replaced with KSFM prewarmed to 37uC. After incubation at 37uC for varying periods of time (0-60 mins), cells were then washed with PBS and returned to 4uC. The residual surface-bound antibody was removed by acid washing (0.5 M acetic acid, 0.5 M NaCl; 3 3 5 min washes). Cells were washed with PBS before either fixation with 4% paraformaldehyde for immunofluorescence. To quantify HECD-1 internalisation the HECD-1 intensity per cell was analysed in cells fixed without antibody internalisation at 37uC and without stripping to obtain the intensity value for externally bound antibody. This was then used to normalise the internalised HECD-1 intensity after 60 min of internalisation at 37uC and acid stripping using the following equation:
intensity of 0min unstripped ð Þ g Ã 100
More than 60 cells per condition were analysed per experiment.
Widefield microscopy. Cultured cells were washed with PBS, fixed with 4% PFA in PBS for 10 min and permeabilised with 0.2%triton for 10 min. Cells were incubated with primary antibodies for 2 hours and appropriate secondary antibodies conjugated to alexafluo-568 or cy5 and phalloidin conjugated to Alexafluor 568 or 633 for 1 hour. Cells were mounted onto slides using FluorSave (Calbiochem). Widefield microscopy was performed using an Olympus IX81 microscope. 5 3 5 tilescans were obtained using a 10 3 air objective using identical camera acquisition times and initial analysis to knit the tiles together was performed using Metamorph software. Tiffs created using Metamorph were then used in Image J to quantify Ecadherin signal intensity at cell junctions. More than 100 junctions per condition were analysed and averaged.
Western blotting. 100,000 HBEC per condition were cultured either in normal growth media or in media supplemented with 0.1 g/L calcium nitrate for 24 hours before lysis in 100 ul sample buffer containing b-mercaptoethanol at room temperature. Lysates were immediately subjected to SDS-PAGE and blotted using nitrocellulose membrane. Blots were blocked and probed using 3% milk/PBS-0.2%tween or 5%BSA/TBS-0.1%tween.
Sample preparation for CARGFP band-shift assay. CARGFP HBEC cells were cultured to confluency in normal growth media before treatment with the following protein kinase inhibitors and activators. Calyculin A (300 nM 15 min), PDBu (1 mM 20 min) and 8-pCPT-cGMP (50 mM). Where indicated, cells were pre-treated for 90 min unless otherwise stated with the following kinase inhibitors; Gö6976 (1 mM), BIM (10 mM), Staurosporine (1 mM), DT-3 (50 mM), KT5823 (1 mM) and H89 (1 mM). Cells were then lysed and analysed as described in the previous paragraph.
Co-immunoprecipitation. HBEC and CAR-GFP-HBEC were cultured either in normal growth media or in media supplemented with 0.1 g/L calcium nitrate for 24 hours before lysis in IP lysis buffer (pH7.4 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton, 1% NP40, PI cocktail). Lysates were incubated with 5 mg Ecadherin (HECD-1) antibodies pre-bound to A/G agarose beads overnight before washing the beads with 1 ml IP lysis buffer 3 times immunocomplexes were separated using SDS-PAGE and immunoblotted for either E-cadherin, b-catenin or GFP (for CAR-GFP).
In vitro pulldown assay. GST-fusion constructs were expressed in E. coli BL21 competent cells using conditions recommended by the manufacturer (Amersham Pharmacia Biotech). Pulldown assays using CAR-GST were carried out using wildtype HBEC lysed in IP lysis buffer and incubated with GST or CAR-GST attached to glutathione beads overnight. Beads were washed three times with IP lysis buffer and complexes were separated using SDS-PAGE.
Fluorescence activated cell sorting (FACS). Ad5GFP was added to confluent monolayers of cells at 100 or 5000 pfu/cell for three minutes at 37uC. Unattached virus was removed by washing three times with warm PBS. The cell monolayers were then covered with pre-warmed growth media. The cells were then transferred to a cell incubator at 37uC for 18 hours and then processed for GFP expression. After 18 hours adherent cells were harvested with trypsin/EDTA (Gibco) at 37uC. The cells were centrifuged at 200 g for 5 minutes and the supernatant removed. Cells were fixed in 1% PFA on ice washed, with FACSFlow and analysed using a BD FACSCalibur flow cytometer (BD Biosciences). Quadrant markers were set based upon background fluorescence from uninfected cells.
Fluorescence recovery activated photobleaching (FRAP). HBEC and CAR-RFP-HBEC were transiently transfected in 6 well plates with E-cadherin-GFP for 48 hours before before addition of calcium containing medium. Junctions expressing Ecadherin-GFP were identified using an Eclipse Ti-E confocal microscope (Nikon Instruments) and small sections of the junctions were selected. 5 images were taken of the selected area every 15 seconds followed by bleaching using 65 iterations (at 488 nm) to ensure all the GFP in the region of interest had been bleached. Further imaging every 15 seconds for another 7 minutes to monitor the fluorescence recovery then followed this. Images obtained were then examined using Image J and the rate of recovery was calculated taking into account the fading of fluorescence over time.
Fading was corrected with the following equation -
Intensity of Region of interest=Intensity of whole image
Percentage rate of recovery was calculated using the equation.
Corrected Value for each time point ð Þ =Av of corrected pre-bleached values|100
Statistics. Results are expressed as the mean 6 s.e.m. from the specified number of experiments, as indicated in the figure legends. Student's t-test was used to analyse statistical significance.
